Study Objectives: To validate the Sonomat against polysomnography (PSG) metrics in children and to objectively measure snoring and stertor to produce a quantitative indicator of partial upper airway obstruction that accurately reflects the pathology of pediatric sleep-disordered breathing (SDB). Methods: Simultaneous PSG and Sonomat recordings were performed in 76 children (46 male, age 5.8 ± 2.8, BMI = 18.5 ± 3.8 kg/m 2 ). Sleep time, individual respiratory events and the apnea/hypopnea index (AHI) were compared. Obstructed breathing sounds were measured from the unobtrusive non-contact experimental device. Results: There was no significant difference in total sleep time (TST), respiratory events or AHI values, the latter over-estimated by 0.3 events hr −1 by the Sonomat. Poor signal quality was minimal and gender, BMI, and body position did not adversely influence event detection. Obstructive and central events were classified correctly. The number of runs and duration of snoring (13 399 events, 20% TST) and stertor (5748 events, 24% TST) were an order of magnitude greater than respiratory events (1367 events, 1% TST). Many children defined as normal by PSG had just as many or more runs of snoring and stertor as those with mild, moderate and severe obstructive sleep apnea (OSA).
INTRODUCTION
Supervised overnight polysomnography (PSG) is regarded as the gold standard for the diagnosis of sleep-disordered breathing (SDB) in children. The primary outcome is the apnea/hypopnea index (AHI) which is the frequency of discrete respiratory events (apneas and hypopneas). The diagnostic threshold for obstructive sleep apnea (OSA) in children is much lower than for adults. An AHI of ≥ 2 hr −1 , a mixed and obstructive apnea hypopnea index (MOAHI) ≥ 1 hr −1 or an obstructive apnea index (OAI) ≥ 1 hr −1 are commonly used 1 while others suggest an AHI ≥ 5 hr −1 . [1] [2] [3] [4] [5] [6] [7] [8] However, the majority of children with clinically significant SDB have long periods of sleep with partial upper airway obstruction and sustained runs of labored breathing 9,10 which is not captured by the AHI. Rosen summarized this by saying that the problem in children is better described as "obstructive sleep hypoventilation", characterized by long periods of labored paradoxical breathing efforts and snoring. 9 Snoring, in its own right, is associated with a spectrum of clinical findings widely recognized as the syndrome of SDB. These include poor academic performance, 11 behavioral disturbances, 12 reduced quality of life 13 and a significant increase in both sleep and wake arterial blood pressure.
14 However, there is almost no work utilizing objective measures of snoring with most research based on questionnaires or clinical history. Snoring is a pathognomonic and unequivocal sign of upper airway obstruction and while not providing a simple measure of increased upper airway resistance, its intensity and quality do provide a guide to the severity of obstruction.
Snoring is generated by a fluttering airway segment and characterized by low frequency sounds containing periodic components. 15 In contrast, stertor, which has been used for over a century to describe the sounds of severe pharyngeal airway obstruction, 16 includes higher frequency sounds without periodic components; this "white noise" is generated by a jet of high velocity air escaping from a very narrow airway. Rembold and Surratt describe "hissing" sounds that are indicative of a very narrow, and probably somewhat fixed, obstruction. 17 Standard PSG sound/vibration sensors are inadequate and can miss both snoring and higher frequency stertorous sounds. 18, 19 The Sonomat system is a non-invasive mattress overlay, housing a series of sensors requiring no attachment to the body, that can be used with minimal training in the home. 19 It detects apneas and hypopneas and also provides a continuous quantitative measure of obstructed breathing sounds using bandwidths that make it superior to PSG snore sensors. The system also measures body movements, providing a reliable measure of sleep duration and fragmentation, 20 similar to that produced by actigraphy.
The purpose of the current study was to validate the Sonomat against standard PSG metrics in children with suspected SDB, and to describe objective measures of partially obstructed breathing that can be derived from Sonomat recordings which better reflect the pathology of SDB in children.
METHODS

Participants
This study was undertaken at Sydney's two major public hospital based sleep centers (The Children's Hospital at Westmead [CHW] , and Sydney Children's Hospital [SCH] ). Children aged
Statement of Significance
Pathognomonic signs of partial upper obstruction (snoring and stertor), which are not currently quantified, are just as important as apneas and hypopneas; these new indices may allow for greater insights into pediatric sleep-disordered breathing.
2-17 years, undergoing PSG for suspected SDB, were recruited. Children with primarily non-respiratory sleep disorders, neurological conditions and those receiving ventilation or supplemental oxygen were excluded. Basic demographic information was recorded at enrolment. The protocol was approved by the Sydney Children's Hospitals Network Human Research Ethics Committee (09/CHW/14). Parents/caregivers provided written informed consent and children provided assent.
Protocol
Participants had simultaneous PSG and Sonomat recordings performed on a single night. The PSG study was attended but the Sonomat recordings had no on-line signal outputs and staff were only required to turn the system on and off.
Polysomnography
A Compumedics PSG system (Compumedics, Abbotsford, VIC, Australia) was used at SCH and a Sandman system (Natus Medical, Pleasanton, CA) was used at CHW. The PSG studies recorded the following signals: electroencephalogram (EEG), electrooculogram (EOG), submental electromyogram (EMG), electrocardiogram (ECG), thoracoabdominal excursion (plethysmography), nasal airflow (pressure transducer and thermistor), snoring sounds (tracheal microphone), pulse oximetry (SaO 2 ), transcutaneous carbon dioxide (TcCO 2 ), leg movements and body position.
All PSG recordings were scored using Compumedics ProFusion 4 software (Compumedics, Abbotsford, VIC). Sandman recordings were exported to European Data Format (EDF) and imported into this scoring software.
The Sonomat
The Sonomat system (Sonomedical Pty Ltd, Balmain, NSW, Australia) is a thin mattress overlay containing four identical embedded sensors and two room sound microphones. It has been approved for the assessment of sleep disorders by the Therapeutic Goods Administration of Australia. Each embedded sensor produces one movement signal sampled at 250 Hz and one acoustic (breath sound) signal sampled at 4 kHz, similar to a digital stethoscope recording. Room sound microphones record ambient sounds sampled at 4 kHz. A detailed description of the Sonomat has been published elsewhere. 19 The Sonomat was placed directly onto the child's mattress, covered with a sheet and bedclothes arranged as normal. The child wore their usual attire and simply lay on the Sonomat in whatever position they chose. They were not tethered to the Sonomat and it did not interact or interfere with PSG sensors. Data were stored on a Secure Digital card (SanDisk, Milpitas, CA) within the Sonomat in a proprietary file format for manual transfer to a computer for analysis.
Sonomat Scoring
Sonomat recordings were visually scored in the same manner as PSG scoring using Sonomat Replay software (Sonomedical Pty Ltd, Balmain, NSW, Australia). In addition to visually identifying events, breath sound recordings were replayed through audio speakers, enabling auditory verification. Sound files were also exported (in waveform audio file format) and processed using software that allows sounds to be visualized as spectrograms in the frequency domain (Raven Interactive Sound Analysis Software, Cornell Laboratory of Ornithology, Ithaca, NY). This permitted an objective method of identifying and classifying breath sounds.
Sonomat scoring criteria 19 were developed similarly to PSG scoring guidelines. 21 The major difference is that the breath sound signal obtained from the digital stethoscopes is used as a surrogate for airflow rather than thermistor or nasal pressure measures. For consistency, the minimum duration of respiratory events on the Sonomat was two breaths duration, during baseline breathing. The following events were scored within Sonomat recordings: apneas, hypopneas, and body movements.
The absence of breath sounds on a stethoscope channel indicates apnea (Figure 1 ). If this absence is associated with continued breathing movements it is scored as an obstructive apnea ( Figure 1C ), or as a central apnea if breathing movements are absent ( Figure 1A ). Mixed apneas are associated with both the presence and absence of breathing movements ( Figure 1B) . Mixed apneas are also scored if part way through the first breathing movement, following a central element, the clear gasping sound of an airway opening is heard.
Hypopneas are identified when there is a change in amplitude of the breathing movement signal that exceeds 30% of the amplitude of baseline movements ( Figure 1D ). Decreases or increases in amplitude, or a combination of these two all qualify as a change and are associated with a reduction in the concurrent breath sound signal (relative to preceding normal breath sounds), louder obstructed breathing sounds, or a combination of the two.
Within the red outlines in panels A, B, and C ( Figure 1 ) there are no breaths sounds present on the sound channel or the spectrogram (heart sounds are present on both). During these periods of apnea panel A has no breathing movements, panel B initially has no breathing movements followed by three breathing movements and panel C has continuous breathing movements. The presence and/or absence of breathing movements is used to classify these apneas as central, mixed and obstructive respectively. The red box in panel D (Figure 1 ) illustrates a hypopnea containing four breath sounds associated with a gradual increase in amplitude of the breathing movement signal.
Body movements were scored on the breathing movement channel (Figure 2 ) when there was an abrupt change in the pattern of regular breathing movements and terminated with the return of a regular pattern of breathing or a central apnea. If no respiratory pathology occurred within a window of three breaths prior to a movement it was classified as "spontaneous." The minimum duration of a spontaneous movement was 3 seconds, equivalent to that of an EEG arousal. 21 Body movements preceded by respiratory pathology were called "respiratory induced" movements and had no minimum duration. The total duration of all significant body movements was removed from the total recording time (TRT) to estimate the TST on the Sonomat (TST MAT ). This duration, containing all periods of postural immobility, was used to calculate the AHI MAT .
The body movement shown in Figure 2 is "spontaneous" as it is preceded by normal breath sounds (see Figure 3 for normal and abnormal breath sounds). Respiratory induced movements may be preceded by snoring, stertor ( Figure 3 ) and/or respiratory events (Figure 1 ).
Partially obstructed upper airway sounds were classified as snoring or stertor ( Figure 3 ). Although both sounds, referred to collectively herein as "obstructed breathing," are associated with partial upper airway obstruction, snoring has relatively low frequency peaks with harmonics whereas stertor contains much higher frequencies with no clear frequency peaks or harmonics. The embedded stethoscope recordings were used to identify snoring, as low frequency sounds may not transmit to the room sound sensors. The room sound microphone recordings were used to identify stertor, as high frequency sounds above 1 kHz are attenuated by body tissue and may not transmit to the stethoscope sensors.
Snoring was scored when breath sounds contained periodic components with fundamental frequency peaks from 20-30 Hz up to approximately 250-300 Hz. Stertor was scored when breath sounds contained no clear frequency peaks but instead white noise containing frequencies from approximately 300-2000 Hz. The minimum duration of a snore/stertor event was one breath and all consecutive snoring/stertorous breaths were scored as one event (ie, as runs). These runs were terminated by a return to normal breathing or the occurrence of a respiratory event.
When both snoring and stertor occurred during the same breath (Figure 4) , each was scored and calculated separately but this shared time was only counted once when calculating periods of obstructed breathing.
Data Analysis
PSG studies were manually scored in random order by a scorer (SP) blinded to the identity and relationship of paired recordings. Analysis was from "lights out" to "lights on" notations, or to the termination of the recording. Studies were scored according to current guidelines for scoring sleep, arousals and respiratory events in children. 21 Snoring was scored on the PSG snore channel when a signal emerged from baseline that exceeded the default threshold (0.1 standard deviations). The minimum duration of a PSG snoring event was one breath and all consecutive snoring breaths were scored as one event.
Sonomat recordings were manually scored by a different scorer (MN), also blinded to the identity and relationship of paired recordings. Analysis start was judged as the time the subject settled for sleep, based on cessation of frequent gross body movements and/or talking. The end was judged as the time of waking based on initiation of frequent gross body movements, the child leaving the bed, staff heard waking the child, or termination of the recording.
Once analyzed, studies were re-identified and the period of overlap of the matched studies was compared. In addition, the period of time prior to the start of Sonomat analysis was examined on PSG studies to determine if important information was missed due to the lack of an EEG. Periods of uninterpretable airflow were scored in both recordings. In PSG recordings only periods with an interpretable nasal pressure signal were used, rather than including alternate sensors. In Sonomat recordings, the stethoscope trace was considered uninterpretable if no breath/heart sounds could be identified visually or aurally. If an airflow signal/surrogate was uninterpretable the corresponding period in the paired recording was removed from the comparative component of analysis, even if signal quality was good. These latter periods were examined separately to determine the information they contained.
All scored events from matched analysis periods were exported from the two scoring programs as text delimited files and processed in the same manner using Microsoft Excel (Microsoft, Redmond, WA). All exported files contained the epoch number, event name, start time, duration of event. Additional PSG data included the sleep stage within which the event was scored, oximetry and positional data. Calculations were basic mathematical operations involving additions, divisions and conversion to percentages.
To examine inter-scorer variability in TST and Qd as well as AHI values, 68 PSG recordings and 54 Sonomat recordings were scored by a different scorer. The variability in diagnostic classification was also examined. As PSG is typically interpreted in its entirety, using all information contained within the recording (AHI plus oximetry, TcCO 2 and an interpretation of the degree of upper airway resistance and work of breathing), physician classification was compared to Sonomat MOAHI classification.
Comparison of Individual Respiratory Events
Respiratory events from PSG and Sonomat studies were compared individually. Events were classified as: true positive (TP)-there was an overlap in time between PSG and Sonomat events, false positive (FP)-present within a Sonomat recording but no evidence of an event in the paired PSG, and false negative (FN)-present on a PSG recording but no evidence of an event in the paired Sonomat.
Since the absence of a respiratory event is never scored, true negative (TN) events required different analysis. A total of 3550 individual 30-second PSG epochs (50 epochs per subject) were randomly selected and compared to the same 30-second periods in the corresponding Sonomat recordings. A TN event was logged when both methods agreed that no respiratory event was present within the epoch. Wake epochs were included as respiratory events could potentially be scored on Sonomat recordings during wakefulness.
To determine if gender, body mass index (BMI) or body position had any influence on Sonomat recordings, the relationship between these variables and FP and FN events was examined.
Statistical Analysis
Statistical and graphical analyses were performed using IBM SPSS Statistics 24.0 (IBM Corp., Armonk, NY) and GraphPad Prism 7 (GraphPad Software Inc., La Jolla, CA). Normally distributed data are presented as mean ± standard error of the mean (SEM), or mean with 95% confidence intervals and non-normally distributed data are presented as median and inter-quartile range (IQR). To test for differences a paired Student's t-test was performed for normally distributed data and a Wilcoxon rank test was used for non-normally distributed data. Multiple data groups were compared using one way ANOVA. Spearman's correlation coefficient was used to examine the relationship between measures, the intraclass correlation coefficient (ICC) was used to examine correlation between methods and a Kruskal-Wallis test was used to compare multiple measures.
A p-value of < .05 was considered to be significant. BlandAltman and receiver operating characteristic (ROC) analysis was performed and values for sensitivity, specificity and accuracy calculated. Inter-scorer variability between different PSG and Sonomat analysts was assessed using the ICC, Cohen's kappa statistic (κ) for AHI thresholds of 1, 2, 5 and 10 events hr −1 and a coefficient of variation was calculated for the Qd and the AHI in Sonomat studies and for the TST and the AHI in PSG studies. An additional comparison was made for diagnostic classification of normal, mild, moderate and severe using Sonomat results against physician reports that incorporated other aspects of the PSG to "upgrade" or "downgrade" a classification. 22 A PSG classification in the normal MOAHI range was "upgraded" to mild, that in the mild range to mild-moderate and that in the moderate range to moderate-severe based on the presence of significant gas exchange abnormalities and/ or other signs of clinically significant upper airway obstruction. A "downgrade" could also occur if the PSG MOAHI was within a classification category in the absence of other clinically relevant PSG abnormalities.
RESULTS
Simultaneous Sonomat and PSG recordings were conducted in 76 children (46 male, age 5.8 ± 2.8, BMI = 18.5 ± 3.8 kg/m 2 ), 38 from each sleep laboratory. Five were excluded from further analysis as they contained < 4 hours of interpretable data; one Sonomat and four PSG recordings. In the remaining 71 subjects there was no significant difference in the duration of poor quality signals (PSG = 17.9 (2.1, 87.6) minutes, Sonomat = 10.5 A comparison of relevant PSG and Sonomat measures are shown in Table 1 .
The relationship between the PSG derived TST and the TST from the Sonomat is shown in Figure 5 .
In 62 subjects (87%) Sonomat analysis, relying on movement and sound, started after PSG analysis. The amount of valid time that was excluded from Sonomat analysis was 29.6 (6.
The relationship between the AHI PSG and the AHI MAT is shown in Figure 6 . The largest differences occurred at AHI values > 10 hr −1 with much closer relationship around the diagnostic thresholds of 1 and 5 hr −1
. Bland-Altman analysis (Figure 7 ) confirms the absence of trends and systematic errors in AHI values.
The diagnostic accuracy of the Sonomat at commonly used AHI thresholds (1, 2, 5, and 10 events hr −1 ) is shown in Table 2 and Figure 8 .
At the threshold of 1 event hr −1 , commonly used in practice, the AHI values of the four children who were incorrectly diagnosed as "having OSA" by the Sonomat were (PSG values in parentheses): 1.1 (0.6), 1.3 (0.9), 1.5 (0.9) and 1.6 (0.7) events hr The normal and mild categories are associated with the most number of misclassifications in Table 3 . Sonomat MOAHI values in the 12 subjects classified as having mild disease (but classified as normal by the physician using PSG) were: 1.1, 1.1, 1.2, . There were 1477 respiratory events scored on the Sonomat and 1367 events scored on PSG, comprising ~1% of TST (Table 4 ) . Amongst these, 791 (65.9%) PSG events were also scored on Sonomat and 793 (68.2%) Sonomat events were scored on PSG. This small discrepancy in TP events occurred due to prolonged PSG events encompassing two separate but contiguous Sonomat events. Unequivocally false events, in which no patterns were visible suggesting the presence of a respiratory event, occurred in PSG (for FP events) and Sonomat (for FN events); there were 166 (12.1%) FN events and 314 (21.3%) FP events. The absence of respiratory events (TN events) was correctly identified by the Sonomat in 98% of 3550 randomly selected epochs. There were 410 PSG events (34.1%) associated with abnormalities in Sonomat recordings that did not achieve all Sonomat scoring criteria and 370 Sonomat events (31.8%) associated with abnormalities in PSG recordings that not achieve all PSG scoring criteria. These subcriterion or "candidate" events were examined in detail, particularly hypopneas, for which PSG has four criteria (the presence of sleep, a reduction in flow of ≥ 30%, a duration of two breaths, and the presence of an EEG arousal or a desaturation).
There were 833 subcriterion hypopneas in PSG (decrease in nasal flow ≥ 30% but "no" desaturation or arousal) in addition to the 807 events that met PSG criteria. Sonomat scoring identified 157 (18.8%) of these 833 subcriterion events as hypopneas (37 as central and 120 as obstructive hypopneas). Amongst these, 98 (55.7%) were in 11 children with an AHI ≥ 5 versus 78 (44.3%) in the 60 children with an AHI < 5.
These subcriterion PSG hypopneas, comprised 25.7% of all disagreements between Sonomat and PSG (n = 576). The remaining discrepancies were due to; no evidence of an event in PSG (44.0%), change in nasal flow not ≥ 30% (11.4%), < 2 breaths duration (11.4%), central apnea < 20 seconds and no desaturation (5.6%) and event occurring during wake (1.9%). In regards to PSG events not scored in Sonomat recordings (n = 684) the majority were due to changes breathing movement amplitude not exceeding 30% (67.8%). Other reasons included no evidence of an event in Sonomat (24.7%), body movement scored at the same time (4.2%) and event duration < 2 breaths (3.3%).
As the definition of a Sonomat obstructive hypopnea (see Methods section) includes louder obstructed breathing sounds producing a signal bigger than baseline and, in contrast, PSG hypopnea is identified by a reduction compared to baseline, the validity of these particular Sonomat events was examined separately. In the entire group (n = 71) there were 1022 Sonomat hypopneas scored, of which 883 (86.4%) were obstructive hypopneas. Of these, 385 (43.6%) were matched to PSG events with 348 (90.4%) classified as PSG hypopneas. The remaining 498 Sonomat obstructive hypopneas (56.4%) were not associated with a scored PSG event; either there was no abnormality present in PSG (30.1%) or the abnormality did not meet PSG hypopnea criteria (69.9%). In the subgroup shown in Table 5 (classification of respiratory events) 190 of the 214 Sonomat hypopneas (88.8%) were classified as obstructive hypopneas; on PSG 182 of these (95.8%) were identified as hypopneas, six were classified as obstructive apneas and two as mixed apneas.
No influence was found for BMI, gender or body position on the occurrence of FP or FN events. Table 6 indicates that the Sonomat over-estimates the PSG defined AHI by less than one event hr −1 at values < 1.
Classification of Respiratory Events
There were 39 children (55%) in whom reliable nasal flow and thermistor signals occurred concurrently, permitting unequivocal differentiation of PSG events as apnea or hypopnea. Alternate sensors, as suggested in AASM guidelines, 21 are not as precise as the combination of nasal flow and thermistry. 23 In the sub-group with concurrent airflow signals there were 364 events, identified at the same time by both systems, of which 311 (85%) were classified correctly. Table 5 shows the numbers of events that were correctly and incorrectly classified.
There were no instances of obstructive apneas on PSG being mistaken as central apneas by the Sonomat nor were central apneas on PSG mistaken for obstructive apneas by the Sonomat (Table 5 ). However, 24 PSG defined central apneas were scored as mixed apneas on the Sonomat. Of 214 Sonomat hypopneas, 95.3% were also scored on PSG as hypopneas. Six Sonomat obstructive hypopneas (3.2%) were obstructive apneas on PSG and two Sonomat obstructive hypopneas (1.1%) were classified as mixed apneas on PSG. Two Sonomat central hypopneas (8.3%) were classified as central apneas on PSG. Thus, misclassification of hypopneas was minimal. Hypopneas classified as central on Sonomat were not classified as obstructive events on PSG nor were hypopneas classified as obstructive on Sonomat classified as central events on PSG.
Extrapolating from events missed on one recording, because of a poor flow signal, but identified on the other, 23.5% of all possible respiratory events were missed due to a poor quality nasal flow signal on PSG whereas only 5.4% of all possible respiratory events were missed because of a poor quality breath sound signal on the Sonomat.
Obstructed Breathing
PSG defined apneas and hypopneas were present in 64 (90%), snoring was present in 70 (99%) and stertor was present in 56 (79%) children. Within 25 492 minutes of sleep time there were far fewer apneas and hypopneas than snoring and stertor events (Table 4) . In all 71 children the duration of obstructed breathing subtypes were; snoring = 62.2 (18.9, 110.7) min (range 0.0-320.1) and stertor = 45.4 (1.7, 132.4) min (range 0.0-381.0). Overall, snoring occurred much more frequently but for less total time than stertor, however, the longest period of sustained obstructed breathing was 61 minutes of snoring compared to 43 minutes of stertor. Most runs were brief with <1% of snore runs >5 minutes and <1% of stertor runs > 13 minutes and the median duration of all three signs of upper airway obstruction (respiratory events, snore and stertor) was <20 seconds.
A comparison of the detection of snoring, between PSG and Sonomat, was performed in a sub-group of children (n = 24), who had reliable PSG snore sensor signals, using Sonomat as the reference since snoring could be confirmed audibly ( Figure 10 ). No equivalent comparison could be performed for the occurrence of stertor.
The total amount of snoring was significantly greater in Sonomat recordings than PSG (Snore MAT = 86.1 ± 12.3, Snore PSG = 53.4 ± 10.6 minutes; p < .0001). The mean difference was 32.7 (95% CI 21.9 to 43.5) minutes (range −3.8 to 97.5).
There were 1729.6 minutes (6.7% of TST) during which snoring and stertor occurred at the same time ( Figure 4) ; snoring alone occurred for 3466.7 minutes (13.5% of TST) and stertor alone occurred for 4310.8 minutes (16.8% of TST). One-third (33.3%) of snoring occurred concurrently with stertor and a little under one-third (28.6%) of stertor occurred concurrently with snoring. The total amount of time spent with obstructed breathing was 9507 minutes (37.0% of TST). The relationship between the time spent with obstructed breathing and the PSG defined MOAHI is shown in Figures 11A and 11B . Figure 11A illustrates that obstructed breathing increases in duration as the MOAHI increases. Figure 11B shows that the presence of snoring and stertor, as separate entities, also increase as the MOAHI increases, with stertor having a slightly stronger relationship to the MOAHI. There were 34 children (47.9% of total) who were classified as normal by PSG of which 7 (20.6%) had < 10 minutes of obstructed breathing. The remaining 27 normal children (79.4%) had > 10 minutes of obstructed breathing (mean = 94.3 ± 13.1 minutes, [range 17.2-286.0]). Only three children with an MOAHI ≥ 1 (8.1%) had < 10 minutes of obstructed breathing (mean = 5.2 ± 2.7 minutes [range 0.5-9.7]). As runs of snoring and stertor may be just as important as the duration of these events, bubble plots are used to represent the different aspects of obstructed SDB (snore, stertor and respiratory events) in three dimensions ( Figure 12 ). Figure 12A shows that many children without OSA (MOAHI < 1) have as much or more snoring and stertor as children with "PSG-defined" OSA (MOAHI ≥ 1). Figure 12B shows that the numbers of runs of snoring and stertor are similar between "PSG-defined" normal, mild, moderate, and severe OSA. Figure 12C shows that as the duration of snoring increases so does the number of runs of snoring and children with an abnormal MOAHI tend to snore longer and more frequently. Figure 12D shows that as the MOAHI increases so does the duration and number of runs of stertor, although the data are shifted down compared to snoring ( Figure 12C ), as stertor tends to occur over longer periods of time.
DISCUSSION
With regards AHI definitions of OSA, the Sonomat reliably matches PSG. However, the Sonomat provides additional measures of partial upper airway obstruction by permitting quantification of snoring and stertorous breathing. To our knowledge, this is the first reported measure of the patterns and frequency characteristics of obstructed breathing in a large group of children presenting with symptoms of SDB. This work clearly shows that children without PSG defined OSA can have durations and runs of snoring and stertor present that are similar to the amounts observed in children with PSG defined OSA.
The threshold of 5 events hr −1 threshold was associated with the best sensitivity and specificity for diagnosis of OSA using the Sonomat (Table 2) . Inter-scorer comparison ( Figure 9 ) showed that PSG had less variability in the time variable (TST) compared to Qd in the Sonomat as EEG precisely identifies sleep, but both methods had a similar degree of variability in AHI values. When physician classification was compared to Sonomat classification (Table 3 ) the most frequent discrepancies occurred at the normal/mild threshold. This is due to a combination of ~50% of children being either side of this threshold and, probably more importantly, the extremely low value associated with this cut-off; not many discrepancies are needed to produce different results at a value of 1 event hr −1 . This is confirmed by the MOAHI values of the individuals "misclassified" by the Sonomat with the majority only differing from PSG by ≤ 1 event hr −1 . Despite some misclassification by the Sonomat most discrepancies were small and, in clinical practice, most children have upper airway surgery performed without having a PSG or any other objective measure of SDB. 24 Although physician classification incorporated additional information that is present within PSG the Sonomat does have the capability to record oximetry and other relevant signals. However, the purpose of this study was to assess the utility of the Sonomat "without" additional signals and, in particular, to include an objective measure of snoring and stertor that can potentially modify the classification of SDB severity in Sonomat recordings. For example, Figure 11A shows that very long durations of obstructed breathing, up to almost 5 hours, were present in 80% of the children classified as normal by PSG. This information could be used to aid in diagnosis and assessment of severity of childhood SDB.
Quantifying the periods of obstructed breathing in these children has demonstrated that they occur as discrete, but recurring events that are likely disruptive to sleep. Episodes of snoring and stertor tended to be brief and to alternate with normal breathing in a cyclic pattern (Table 4 ). This pattern of obstructed breathing is similar to some of the events demonstrated by Lin and Guilleminault 25 and described as "upper airway resistance syndrome." 26 We suggest that our additional measures of obstructed breathing provide a robust measure of breathing induced sleep disruption that encompasses other proposed measures such as respiratory effort related arousals (RERAs) and esophageal pressure crescendos. One caveat is that without measuring tidal volume/esophageal pressure we cannot determine if the return to normal breathing was associated with upper airway muscle activation or shallower breathing without tissue vibration. More fixed narrowing generates the sound we have labeled stertor which is produced by high velocity jet flows expanding into a chamber. These higher pitch "white" noises with a hisslike character correlate with inspiratory flow limitation. This sound is readily heard during video/audio recordings of children and is often recognized by parents when a child is struggling to breathe. Rembold and Suratt, 17 using high fidelity room sound recordings, also measured high frequencies and modeled the mechanism to show how the sounds are produced. 27 They confirmed that higher frequency of sounds indicate a more severely obstructed airway. While our recordings were not up to the same frequency (peak 2 kHz compared to 10 kHz), we found the range sufficient to identify stertorous breathing from the room sound. We found that stertor occurred 4 times more often than apneas and hypopneas.
In addition to monitoring stertor from room sounds we used mattress sensors to capture lower frequency sounds of snoring that were not recorded in the study by Rembold and Suratt. 17 The characteristic vibratory sounds of snoring are generated when a segment of the airway wall begins to flutter, leading to flow limitation. The narrow peaks of sound with harmonics produce easily recognizable patterns on the spectrogram, and correlate on the PSG airflow trace with inspiratory flow limitation with a fluttering signal. 28 In contrast to Rembold and Suratt's conclusion that children make few low frequency sounds, we found that snoring was a very frequent event which occurred 10 times more often than apneas and hypopneas. PSG snore sensors underestimate the occurrence of snoring compared to the Sonomat, 19 and other methods, 18 and don't capture the higher frequency sounds of stertor. . MOAHI = mixed and obstructive apnea/hypopnea index.
From Table 4 it is apparent that the total duration of respiratory events (included in the AHI) was only 1% of TST whereas snoring occupied 20% of sleep time, and stertor occupied 24%. The dynamic range of these additional measures of obstructed breathing is more appropriate to the disease characteristics of children. The relative lack of overlap between snoring and stertor also suggests that the two are different entities and that there are different sites of obstruction from which these two sounds are generated. While snoring and stertor both occurred in brief and sustained runs, sustained runs (>10 minutes) comprised a greater proportion of stertor events. Such sustained runs of partial upper airway obstruction are a cause of more sustained increases in arterial CO 2 . This is potentially a factor in the increased systemic arterial pressures found in children with "primary" snoring. In adult subjects, prolonged partial upper airway obstruction during sleep has been shown, repeatedly, to lead to an elevated arterial carbon dioxide. There is considerable data indicating that snoring in children in the absence of sleep apnea defined by the AHI, may have adverse outcomes. Firstly, studies documenting snoring in the laboratory have reported a range of adverse outcomes including poorer academic performance, 30 neuro-cognitive function 30 and behavioral measures. 31 Secondly, several studies have linked snoring to elevated arterial blood pressure. Bixler was the first to document a link between measured snoring and higher awake blood pressure in a population study, 6 a finding supported by a study from Li et. al. 32 Horne et. al. measured blood pressure continuously with the non-invasive Finometer device, and found that all levels of SDB were associated with an elevation of systolic blood pressure in the vicinity of 10 mmHg when compared to non-snoring controls.
14 These studies clearly show that snoring in its own right leads to elevated arterial pressures. We suggest that use of the AHI metrics to characterize SDB in children grossly underestimates the nature and extent of the problem.
There are several limitations to this study as it did not include more direct measurements of upper airway resistance with esophageal pressure and nasal/oral calibrated airflow. However, these invasive measurements can only be obtained in experimental studies. Parental snoring was recorded at times but the breathing movement signals readily identified the source of such snoring. The finding that 24% of all possible respiratory events were missed by PSG due to a poor nasal flow signal cannot be directly translated to the clinical setting as these events may be identified by alternate sensors.
The particular advantages of the Sonomat system are that it is simple to set up, as it requires no attachments to the child, and can be administered by a parent with minimal instruction. The recordings are captured in an audio format that enables the clinician to review the pathognomonic physical signs of snoring and stertor from an entire study.
CONCLUSION
The Sonomat accurately diagnoses OSA in children using current metrics. In addition to detecting apneas and hypopneas it permits quantification of periods of partial airway obstruction that can be used to better describe pediatric obstructed breathing. The device is portable, simple and does not require leads to be attached to the child, thus offering a convenient means of measuring and monitoring SDB in children in the laboratory and the home.
